the substitution of BPA with 1 of the 40 structurally similar bisphenols currently in use [7] . Although tissue and animal studies of the replacements are lacking, two common analogs, bisphenol S (BPS) and bisphenol F (BPF), have shown estrogenic activity [8, 9] . Furthermore, BPS has been shown to promote preadipocyte differentiation [10] , raising the possibility that these BPA replacements can induce the same obesogenic effects in humans.
As a step toward examining this question, we examined the cross-sectional relationships of urinary BPA, BPS, and BPF and body mass outcomes among children in the US National Health and Nutrition Examination Surveys (NHANES) from 2013 to 2016. The present analysis reprises work we performed using the NHANES from 2003 to 2008 [11] and is supported by recent work using NHANES from 2013 to 2014 identifying associations of urinary BPF with obesity in children and adolescents [12] .
Materials and Methods

A. Study Population
NHANES is a nationally representative survey conducted by the National Center for Health Statistics of the Centers for Disease Control and Prevention that collects and releases data continuously over time in 2-year cycles [13] . The present study combined data from the 2013 to 2014 and 2015 to 2016 cycles to provide more statistically reliable estimates. Data from the questionnaire, laboratory, diet, and physical examination components of the NHANES were used for the present study. The study population was restricted to those aged 6 to 19 years, which resulted in 1831 children and adolescents.
B. Measures
B-1. Bisphenol compounds
Concentrations of BPA, BPS, and BPF were measured in spot urine samples using HPLC with tandem mass spectrometry. Further details on the analytical methods have been previously reported [14] . BPA, BPS, and BPF were detected in 97.5%, 87.8%, and 55.2% of samples, respectively (weighted proportions). For BPA and BPS, concentrations less than the limit of detection (LOD) (0.2 and 0.1 ng/mL, respectively) were substituted by the LOD divided by the square root of two. However, because BPF was only detected in just over one half of the samples, substitution was not conducted, and it was analyzed as a dichotomous variable, as less than and greater than the LOD (0.2 ng/mL). The total bisphenol concentrations were calculated by summing the concentrations of BPA, BPS, and BPF. When constructing the total bisphenol concentrations, BPF measures less than the LOD were imputed by the LOD divided by the square root of two.
B-2. Body mass outcomes
Although the primary outcome of interest was obesity, we also examined overweight, severe obesity, and body mass index (BMI) z-scores as a continuous measure and a as measure of abdominal obesity. As a part of the NHANES anthropometry protocol, trained health technicians measured the height, weight, and waist circumference using standardized examination procedures [15] . The BMI was calculated from measured height and weight values as the weight in kilograms divided by the height in meters squared (kg/m 2 ). Because the BMI changes rapidly in childhood and by age and sex, the BMIs were standardized to age-and sexadjusted z-scores according to the 2000 US norms [16, 17] . Overweight and obesity (hereafter referred to as general obesity) were defined by the 85th and 95th percentiles of the BMI z-scores, respectively [18] . Severe obesity was defined as .120% of the 95th percentile of the BMI z-scores or a BMI of $35 kg/m 2 , whichever was lower [19] . The BMI z-score was also examined as a continuous variable. Abdominal obesity was defined as a waist circumference/ height ratio $0.5 [12, 20] .
B-3. Covariates
Data from the two cycles (2013 to 2014 and 2015 to 2016) were combined using the appropriate weighting guidelines [21] . The demographic variables included sex, age, race/ ethnicity, education level of the head of household, and the ratio of family income to poverty [or the poverty/income ratio (PIR)]. Behavioral factors were also examined. These included the time spent watching television, caloric intake determined from 24-hour dietary recall interviews, and tobacco smoke exposure. Tobacco smoke exposure was assessed using a composite variable owing to a disparity in the NHANES data availability from the 2013 to 2014 and 2015 to 2016 cycles. In 2013 to 2014, smoke exposure was determined from serum cotinine concentrations ($2 ng/mL considered as exposure) and in 2015 to 2016, was based on one or more smokers in the child's household or ever having smoked themselves if the child was $12 years old.
C. Statistical Analysis
Statistical analyses were based on our previously reported work on BPA and obesity [11] . First, we explored the distribution of bisphenol exposure in the study population by computing the geometric mean values of BPA and BPS for each covariate stratum. For BPF, we examined the study population characteristics across strata of BPF detection (i.e., less than and greater than the LOD). Differences across strata for BPA and BPS were evaluated using Mann-Whitney U tests for dichotomous variables and Kruskal-Wallis H tests for variables with two or more categories and for BPF detection using x 2 tests.
The associations between bisphenol compounds and general obesity were tested by fitting three sets of logistic regression models. First, models were fit, controlling only for urinary creatinine. Second, to assess the potential for heterogeneity in this association, models were stratified by the demographic and behavioral characteristics examined. Finally, fully adjusted models were fit, controlling for the following covariates: urinary creatinine, sex, race/ ethnicity, age, head of household education, PIR, serum cotinine exposure and/or smoking, caloric intake, and time spent watching television. Finally, additional multivariable logistic regression models were fit for the overweight, severe obesity, and abdominal obesity outcomes, and a multivariable linear regression model was fit for the BMI z-score outcome, all controlling for these same covariates. In all models, BPA, BPS, and total bisphenols were assessed as natural log-transformed continuous variables. However, because of its lower detection frequency (55.2%), BPF was assessed as dichotomized as less than and greater than the LOD. In subsequent sensitivity analyses, all models were fit again with BPA, BPS, and total bisphenol concentrations, parameterized in quartiles to assess the potential for nonmonotonic associations. All statistical analyses were conducted using Stata, version 14 (StataCorp, College Station, TX). All analyses accounted for the complex survey sampling according to the NHANES analytic guidelines [22] and were appropriately weighted. All statistical tests were two-sided and a of 0.05.
Results
The median concentrations of BPA, BPS, and BPF were 1.3 ng/mL (25th percentile, 0.7 ng/ mL; 75th percentile, 2.3 ng/mL), 0.4 ng/mL (25th percentile, 0.2 ng/mL; 75th percentile, 0.8 ng/mL), and 0.2 ng/mL (25th percentile, LOD or less; 75th percentile, 0.7 ng/mL), respectively. Age and sex were not significantly associated with BPA or BPS; however, those with detectable BPF concentrations were more likely to be adolescents (age, 12 to 19 years; 59.5%) vs children (age, 6 to 11 years) compared with those without detectable BPF concentrations (51.6%; P 5 0.02; Table 1 ). The BPA and BPS concentrations were inversely associated with PIR, such that those with a low PIR (i.e., lower income) tended to have greater BPA and BPS concentrations compared with those with a greater PIR. This trend was similar for head of household education and BPS. Finally, BPA, BPS, and BPF exposure doi: 10.1210/js.2019-00201 | Journal of the Endocrine Society | 1717 varied with race/ethnicity but in different patterns. For example, compared with all other race/ethnicities, non-Hispanic blacks had the greatest concentrations of BPA, and non-Hispanic blacks and Hispanics had the greatest concentrations of BPS. Finally, those with detectable BPF were more likely to be non-Hispanic whites and blacks compared with those without detectable BPF. The overall prevalence of general obesity among those aged 6 to 19 years between 2013 and 2016 was 19.6% and of severe obesity was 12.7%. Abdominal obesity was more common (36.2%). In bivariate analyses, the BPS levels were greater among those who were obese (0.47 vs 0.35 ng/mL among nonobese; P , 0.01), severely obese (0.49 vs 0.36 ng/mL; P , 0.01), or abdominally obese (0.42 vs 0.35 among nonabdominally obese; P , 0.01). For BPA, although the estimates appeared in this same direction for obese vs not obese, the difference was not statistically significant (1.34 vs 1.23; P 5 0.17). BPF detection was not significantly associated with any obesity measure, but it was associated with being overweight or higher (P 5 0.02). BPA correlated positively with both BPS (Spearman r 5 0.35) and BPF (Spearman r 5 0.24; P , 0.01). In models controlling for creatinine only, BPS was associated with an increased odds of general obesity (OR, 1.19; 95% CI, 1.04 to 1.37; Table 2 ). Although the point estimates for BPA, total bisphenols, and BPF detection were greater than one, they were not statistically significant (Tables 2 and 3 ). These associations did not materially vary across most demographic or behavioral variable strata. However, the estimates tended to be greater for boys than for girls for BPA, BPF detection, and total bisphenol concentrations (Tables 2 and 3 ). In addition, the estimates among those of other or multiple races were elevated compared with those of all other race/ethnicities for BPA, BPF detection, and total bisphenol concentrations.
In the adjusted models, log-transformed continuous BPS concentrations were associated with increased odds of general obesity, severe obesity, and abdominal obesity ( Table 4 ). For each log-unit increase in BPS, the odds of general obesity increased by 16% (OR, 1.16; 95% CI, 1.02 to 1.32), severe obesity by 18% (OR, 1.18; 95% CI, 1.03 to 1.35), and abdominal obesity by 13% (OR, 1.13; 95% CI, 1.02 to 1.27) . The association between log-transformed BPS and the continuous BMI z-score was nearly statistically significant (b 5 0.06; 95% CI, 20.01 to 0.12). However, the BPS quartiles were not significantly associated statistically with any outcome, although the estimates were greater than one and had increased in magnitude as the quartiles increased. In addition, although BPF detection (vs less than the LOD) was not significantly associated statistically with general or severe obesity, it was with an increased odds of overweight (OR, 1.27; 95% CI, 1.06 to 1.51) and abdominal obesity (OR, 1.29; 95% CI, 1.01 to 1.64) and an increase in the BMI z-score (b 5 0.10; 95% CI, 0.01 to 0.20).
Neither BPA nor total bisphenols, when expressed as log-transformed continuous variables or as quartiles, were significantly associated statistically with any body mass outcomes, although the estimates were generally greater than one.
Discussion
The present study has documented a modest positive association between BPS and increases in standardized body mass index measures (i.e., obesity and severe obesity) in a representative US sample of children and adolescents. The association was most apparent when BPS was considered as a log-transformed continuous variable vs as quartiles. The BPS concentrations and BPF detection were also associated with abdominal obesity. Finally, BPF was positively associated with overweight and an increase in BMI z-scores overall. However, BPA was not significantly associated with any body mass outcome.
Just as with the previous studies of this topic [11, 12] , our results should be interpreted with caution. The cross-sectional design precluded our ability to infer whether exposure to bisphenols might influence weight gain or obesity or whether obese children might have greater exposure to, or excretion of, bisphenol compounds. The methodologic issues involved in the study of this relationship have been well described [23] . One key issue is that BPS and BPF are metabolized rapidly by the human body [24, 25] ; thus, spot urine samples are limited in their ability to reflect long-term exposure levels [26, 27] . This is problematic when assessing these chemicals in relation to obesity, which occurs incrementally over time and has a multifactorial etiology [28] . Finally, the situation is further complicated because food and beverage packaging, in particular, the lining of aluminum cans, contains bisphenols. Therefore, those who consume more of these products are more likely to have higher exposure levels [29, 30] and, perhaps, are more likely to be obese [31] [32] [33] [34] . However, one method we used to account for this was to adjust for caloric intake, which did not substantially alter the estimates (data not shown). Nonetheless, taken together, these issues make it difficult to infer a causative relationship between bisphenol chemicals and obesity. However, owing to the repeated observations of this association in both cross-sectional [11, 12, [35] [36] [37] [38] [39] [40] and longitudinal [41, 42] studies and the biologic plausibility and evidence from toxicological studies [10, 43, 44] , the potentially obesogenic influences of bisphenol chemicals merits further attention and examination.
Although the associations between BPA, total bisphenol, and BPF detection and general obesity were not statistically significant, we noted potential heterogeneity in the measures of association across the strata of race/ethnicity. For example, boys and those of other or multiple races tended to have slightly stronger associations between bisphenols and general obesity compared with those of the other subgroups (i.e., girls and those of all other race/ ethnicities). In contrast, our previous work showed that the associations between BPA and obesity were concentrated among non-Hispanic whites [11] . Differences across racial and/or ethnic groups could be explained, in part, by the different exposure patterns [45] or potential interactions with unmeasured behavioral [46] , genetic, or epigenetic [47] differences. However, these associations and differences by race/ethnicity found in the present study were not statistically significant; thus, these potential explanations are solely hypothesis generating. As BPA levels have declined, the use of BPS and its detection in human samples has increased in recent years [48] . Therefore, as the associations between BPA and obesity have attenuated as BPA levels have declined, it is possible that the associations between BPS and body mass could change as the levels increase. In our previous work on BPA and obesity among children in NHANES 2003 to 2008 [11] , the median urinary BPA concentration was 2.8 ng/mL (interquartile range, 1.5 to 5.6), an order of magnitude greater than the current BPS levels in the present study. Thus, the potential health effects of BPS and other BPA replacement compounds should continue to be monitored, given that human exposure to these compounds is likely to continue to increase in the future.
